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Rabies virus P protein is a co-factor of the viral RNA polymerase. It has been shown previously that P mRNA directs the synthesis of four
N-terminally truncated P products P2, P3, P4, and P5 due to translational initiation by a leaky scanning mechanism at internal Met codons.
Whereas P and P2 are located in the cytoplasm, P3, P4, and P5 are found in the nucleus. Here, we have analyzed the molecular basis of the
subcellular localization of these proteins. Using deletion mutants fused to GFP protein, we show the presence of a nuclear localization signal
(NLS) in the C-terminal part of P (172–297). This domain contains a short lysine-rich stretch (211KKYK214) located in close proximity with
arginine 260 as revealed by the crystal structure of P. We demonstrate the critical role of lysine 214 and arginine 260 in NLS activity. In the
presence of Leptomycin B, P is retained in the nucleus indicating that it contains a CRM1-dependent nuclear export signal (NES). The
subcellular distribution of P deletion mutants indicates that the domain responsible for export is the amino-terminal part of the protein. The
use of fusion proteins that have amino terminal fragments of P fused to h-galactosidase containing the NLS of SV40 T antigen allows us to
identify a NES between residues 49 and 58. The localization of NLS and NES determines the cellular distribution of the P gene products.
D 2005 Elsevier Inc. All rights reserved.
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Eucaryotic cells possess a double nuclear membrane,
containing multiple nuclear pores that regulate bi-directional
transport of macromolecules that is critically required for the
maintenance of normal cell physiology.
Transport proceeds through the nuclear pore complex
(NPC), a 125 MDa macromolecular assembly of 50–100
polypeptides that are frequently termed nucleoporins. The
NPC spans the nuclear membrane and creates an aqueous
channel allowing passive diffusion of globular proteins of
up to approximately 50 kDa. Translocation across the NPC
into the nucleoplasm or into the cytoplasm is mediated by0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.02.005
T Corresponding author. Fax: +33 1 69 82 43 08.
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1 These authors contributed equally to this work.importins and exportins, respectively, which interact with
cargo molecules, the Ran GTPase, and proteins of the NPC.
Cargo molecules have localization signals that allow their
interaction with importins and exportins. The classical
nuclear localization signal (NLS) comprises one or two
short stretches of basic amino acids. Examples are the
simian virus 40 (SV40) T antigen NLS (PKKKRKV)
(Kalderon et al., 1984) or the cellular nucleoplasmin protein
NLS (KRPAATKKAGQAKKK) (Robbins et al., 1991).
These sequences are recognized in the cytoplasm by
importin a which forms a stable heterodimeric complex
with the importin h (Kohler et al., 1999). Importin h
mediates the interaction of the importin a–h complex with
the NPC and Ran GTPase. The complex translocates into
the nucleus where importin a and h receptors dissociate
from the cargo and shuttle back into the cytoplasm. The
cycle is controlled by a Ran GTP gradient across the nuclear05) 284–293
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the binding of importins to their cargoes, whereas high
levels of Ran GTP in the nucleus induce their dissociation
(Gorlich and Mattaj, 1996; Gorlich et al., 1995; Nigg,
1997). More recently, many other NLSs have been
identified that do not conform to the classical NLS
consensus motif with respect to size and/or highly basic
character. Some of them are non-conventional importin
a-interacting domains. This is the case of the influenza virus
nucleoprotein (Wang et al., 1997), and the Borna disease
virus p10 protein (Wolff et al., 2002).
The nuclear export of proteins and RNA is also a signal-
dependent process mediated by soluble receptors called
exportins. The best-characterized nuclear export signal
(NESs) was first described in the HIV-Rev protein and then
identified in an increasing number of proteins (Fischer et al.,
1995). These leucine-rich NESs are recognized by the
CRM1 nuclear export receptor. Leptomycin B (LMB) binds
to the central domain of CRM1 to disrupt its interaction with
the NES and provides a useful reagent for studying CRM1-
mediated nuclear export (Fornerod et al., 1997; Nishi et al.,
1994).
Rabies virus replicates in the host cell cytoplasm. It has a
linear, non-segmented, single-strand RNA genome of
negative polarity. The ribonucleoprotein (RNP) contains
the RNA genome tightly encapsidated by the viral
nucleoprotein (N) and the RNA polymerase complex which
consists of the large protein (L) and its cofactor, the
phosphoprotein (P). Both L and P are involved in tran-
scription and replication. A positive-stranded leader RNA
and five mRNAs are synthesized during transcription. The
replication process yields nucleocapsids containing full-
length antisense genome RNA, which in turn serves as a
template for the synthesis of sense genome RNA.
Like the VSV P protein, the rabies virus P protein is a
non-catalytic cofactor and a regulatory protein: it associates
with the L protein in the polymerase complex and interacts
with both soluble and genome-associated N proteins. The P
protein contains two N protein-binding sites: one located in
the amino-terminal part and the other in the carboxy
terminal region (Chenik et al., 1994; Fu et al., 1994; Jacob
et al., 2001). The major L-binding site resides within the
first 19 residues of P (Chenik et al., 1998). The rabies virus
P protein is phosphorylated by two kinases: the unique
cellular protein kinase, RVPK (rabies virus protein kinase),
and protein kinase C (Gupta et al., 2000). Both kinases
phosphorylate specific sites on the P protein, leading to the
formation of different phosphorylated forms of the P protein
with different motilities in SDS–PAGE (Gupta et al., 2000).
In addition, four other amino-terminally truncated products
(P2, P3, P4, and P5) translated from P mRNA have been
found in the purified virus, in infected cells and in cells
transfected with a plasmid encoding the complete P protein.
These shorter proteins are translated from internal in-frame
AUG initiation codons by a leaky scanning mechanism
(Chenik et al., 1995). Whereas P and P2 are located in thecytoplasm, P3–P5 are found mostly in the nucleus. The
nuclear products of the P gene have been shown to interact
with PML nuclear bodies that could be involved in a cellular
defense mechanism against viral infection (Blondel et al.,
2002).
In this study, we have analyzed the nuclear shuttling of
the products of the rabies virus P gene. We show that the
complete P has one NLS and one CRM1-dependent NES.
The presence of these signals determines the intracellular
localization of P and its products (P2–P5).Results
The short P3 protein is conserved throughout the Lyssavirus
genus
We have previously shown that the rabies CVS strain P
mRNA directs the synthesis of four N-terminally truncated
P products P2, P3, P4, and P5 due to translational initiation
by a leaky scanning mechanism at internal Met codons 20,
53, 69, and 83, respectively (Chenik et al., 1995). Whereas
P and P2 are located in the cytoplasm, P3, P4, and P5 are
found mostly in the nucleus. Since Met 53 is conserved in
the P protein of the most divergent lyssaviruses genotype,
GT3 (Badrane et al., 2001), we analyzed first whether P3
was synthesized from Mokola P mRNA and then looked at
its subcellular localization. For this, we constructed a
plasmid containing the P gene of Mokola with the
nucleotide sequence context of the first initiation codon of
P mRNA.
Cells were infected with VTF7-3 recombinant vaccinia
virus and were transfected with the plasmid encoding the P
protein of Mokola (PMok) under the control of the T7 RNA
polymerase promoter. Proteins present in cell extract were
analyzed by immunoblotting with a mouse polyclonal anti-P
antibody. As shown in Fig. 1A, the P3Mok protein that
comigrated with the truncated PDN52Mok protein initiated
from the third AUG codons was also expressed from the
Mokola P gene. In order to examine the intracellular
localization of P3Mok in intact cells, the plasmid
pPDN52Mok-GFP (encoding P3 fused to GFP) was trans-
fected as described previously. Analysis by confocal micro-
scopy shows that P3Mok-GFP is found mainly in the
nucleus and showed a distinct speckled nuclear localization
similar to that of P3-GFP of the CVS strain (Figs. 1B
and 3). This observation provides support for the con-
servation of the P3 protein and for its nuclear localization
throughout the genus.
The difference in cellular localization of P and P3
suggests that there must be targeting information located
either within P or P3 to account for their distinctive
distributions. A conformational change resulting from
truncation of the 52 first residues of P protein might reveal
new targeting information within P3. Alternatively the lack
of these 52 residues might remove a nuclear export signal
Fig. 1. P3 is expressed from P mRNA of Mokola and is nuclear. (A) BSR
cells were infected with VTF7-3 and transfected with plasmids encoding P
Mokola for 24 h. Cell extracts were analyzed by Western blotting. The blot
was immunostained with the polyclonal anti-P antibody and visualized by
the ECL system. (B) Immunostaining of P and P3 in transfected cells. Cells
were transfected with plasmids encoding P-GFP or P3-GFP from Mokola or
from CVS. After fixation, cells were analyzed for GFP expression by
confocal fluorescence microscopy. The scale bars correspond to 20 Am.
D. Pasdeloup et al. / Virology 334 (2005) 284–293286that is dominant over nuclear targeting in the context of the
complete P protein.
Nuclear localization of P3 requires the presence of a
nuclear targeting sequence located between the residues
173–297
The localization of P3 within the nucleus suggested the
presence of an NLS but a sequence resembling a classical
motif could not be identified. To identify sequence(s) within
the P protein that could function as an NLS, N-terminal and
C-terminal truncations of P were fused to GFP (Fig. 2A). In
contrast to the previous constructs encoding PMok, sequen-
ces upstream the AUG initiation codon have been converted
to a Kozak consensus site to further increase the translation
efficiency preventing downstream scanning. These trun-
cated P proteins were expressed efficiently in BSR cells
with the vaccinia T7 system and migrated as proteins of the
expected molecular sizes (data not shown). Protein local-
ization was determined by confocal microscopy (Fig. 2B).
In contrast to GFP alone, which was distributed diffusely in
both the cytoplasm and the nucleus, the proteins P3-GFP
accumulated in the nucleus as P3. This result indicated thatthe nuclear targeting activity of P is located between
residues 52–297. More extended deletions of 83, 138, and
172 amino acids from the amino-terminal part of P had a
weak effect upon nuclear localization and these truncated
proteins were predominantly nuclear. In contrast a C-
terminal truncation of 125 residues abrogated the nuclear
localization of the GFP fusion protein.
These findings indicate that the carboxyl-terminal part of
P from 173 to 297 contains an active NLS.
Identification of the P residues required for nuclear
localization
As mentioned above, P protein does not possess an
obvious polybasic NLS sequence. However, inspection of
the carboxy terminal part of P reveals a motif with a high
proportion of basic residues (211KKYK214) that is con-
served in the seven different genotypes of lyssavirus.
Moreover, the crystal structure of the C-terminal domain
(186–297) of the P protein reveals that this lysine-rich motif
lies on a surface exposed loop in close proximity to arginine
260, another basic residue (Mavrakis et al., 2004).
Mutational analysis of P3-GFP was performed in order
to evaluate the role of this motif on nuclear import
activity (Fig. 3). Upon transfection, mutated protein
P3(211AAYK214-R260)-GFP exhibited a diffuse staining
pattern in the nucleus indicating that this protein was
efficiently imported into the nucleus. In contrast, cells
expressing the protein P3(211KKYA214-R260)-GFP presented
different staining patterns: an even fluorescence distribution
between the nucleus and the cytoplasm or a cytoplasmic
staining with few dots in the cytoplasm. The presence of
cytoplasmic dots observed with the alanine substitution of
lysine 214 could be the result of misfolding or altered
stability of P3. However, when a negative aspartic acid
residue was substituted to lysine 214, the localization of the
protein P3(211KKYD214-R260)-GFP appeared diffuse in the
cytoplasm without any granular staining. This finding
indicates that the cytoplasmic localization of the mutants
is not an artefact due to protein aggregation. Thus, a
substitution of lysine residue at position 214 was sufficient
to reduce the nuclear localization of P3-GFP whereas
substitutions of the lysine residues at position 211 and 212
have little effect upon nuclear localization. In order to
investigate the contribution of the arginine residue 260 in
the nuclear import, we constructed the plasmid encoding
P3(211KKYK214-A260)-GFP. This mutant protein exhibited a
predominantly cytoplasmic and diffuse distribution indica-
ting that the arginine residue also contributed efficiently to
nuclear import activity. When both substitutions of lysine at
position 214 and arginine in position 260 by alanine were
introduced in the P3 sequence, the corresponding protein
P3(211KKYA214-A260)-GFP was completely excluded from
the nucleus. As expected, an aspartic acid substitution of
lysine 214 associated with the alanine substitution on the
arginine 260 also abolished nuclear import. These results
Fig. 2. Identification of an NLS in the P protein. (A) Construction of plasmids encoding truncated P protein fused to GFP. In this schematic representation, dark
bars represent the protein product of each deleted gene with amino acid positions indicated. These mutants fused to GFP were expressed in BSR cells with the
vaccinia T7 system as described in Material and methods. An immunofluorescence analysis was performed and the intracellular localization of these mutants in
the cytoplasm (C) or in the nucleus (N) is summarized. (B) Cells were transfected with plasmids encoding truncated P proteins and incubated in the absence
(LMB) or presence of leptomycin B (+ LMB) at a final concentration of 20 nM during the time of transfection (6 h). After fixation, cells were analyzed for
GFP expression by confocal fluorescence microscopy. GFP protein localization was also shown as control in the upper left panel. Representative results for a
large number of cells examined in independent experiments are shown. The scale bars correspond to 40 Am.
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Fig. 3. Delineation of the residues involved in the NLS activity. Site-
directed mutagenesis was performed on the motif 211KKYK214R260 of
the plasmid encoding P3 protein fused to GFP as described in
Material and methods. Cells were transfected with plasmids encoding
P3(211KKYK214R260), P3(211AAYK214R260), P3(211KKYA214R260),
P3(211KKYD214R260), P3(211KKYK214A260), P3(211KKYA214A260), and
P3(211KKYD214A260). Six hours after transfection, cells were fixed, stained
with DAPI, and analyzed for GFP expression by confocal fluorescence
microscopy. The scale bars correspond to 20 Am.
D. Pasdeloup et al. / Virology 334 (2005) 284–293288indicate that K214 and R260 are essential in the P3 nuclear
activity and part of a conformational NLS.
Identification of a CRM1-dependent nuclear export signal
(NES) within the P sequence
As the complete P protein contains the NLS motif but is
cytoplasmic, its nuclear exclusion could be explained by the
presence of a nuclear export activity. To determine whether
there is a CRM1-dependent NES in P, cells expressing
P-GFP were treated with LMB (20 nM), a specific inhibitor
of nuclear export. Although P-GFP was cytoplasmic in
untreated cells, its distribution was sensitive to LMB with
retention of GFP fluorescence in the nucleus indicating that
part of P protein was trapped in the nucleus (Figs. 2B and
4). LMB had no effect on the localization of GFP (Fig. 2A).
Besides demonstrating the presence of CRM1-dependent
NES within the P protein, this finding also indicates the
nuclear entry of the complete P protein. To map the putativeexport signal, we analyzed the subcellular distribution of P
deletion mutants fused to GFP and expressed in cells in the
presence or absence of LMB (Figs. 2B and 4).
The localization of the amino-terminal deleted PDN19-
GFP protein was sensitive to the addition of LMB which
resulted in a significant increase in the nuclear retention of
the protein (Fig. 2B). In contrast, the localizations of others
P constructs were all insensitive to LMB but for different
reasons. As expected the nuclear localization of PDN52
(P3-GFP) was unchanged in the presence of LMB. For
shorter amino-terminal truncated P proteins (PDN82,
PDN138, PDN172) which are located in both cytoplasm
and nucleus, LMB has no effect indicating the absence of a
NES between residues 83–297 (Fig. 4). The fact that the
carboxy terminal truncated P protein PDC125 remained
cytoplasmic in the presence of LMB confirms the absence
of an NLS between residues 1–172. All these results show
that a NES is located in the first 83 residues of P.
CRM1-dependent NESs are characterized by leucine-rich
sequences (LXXXLXXLXL) although large hydrophobic
amino acids (V, M, I) may be substituted to leucine. The
examination of the first 83 residues of P revealed two
stretches of amino acid residues similar to the characterized
hydrophobic rich NES-like sequences (Fig. 5A). They were
located between residues 11 and 20, 49, and 58.
In order to address whether the N-terminal domain
confers nuclear export to a protein normally restricted to the
nucleus, a chimerical protein with residues 6–60 of P fused
to h-galactosidase carrying the SV40 T antigen NLS motif
was expressed in transfected cells in the presence or absence
of LMB (Figs. 5B and C). As expected NLS-h gal (used as a
control) was exclusively nuclear. The fusion protein (NLS
P6–60-h gal) was excluded from the nucleus in the absence
of LMB and its localization was sensitive to LMB (Fig. 5B).
This result confirms that the domain 6–60 confers nuclear
export ability to the fusion protein and contains at least one
NES.
To determine more closely which motif is important
for the nuclear export, we transferred two distinct
fragments of the amino-terminal part of P (P6–44, P45–60)
to the h-galactosidase carrying the SV40 T antigen NLS
motif (Figs. 5B and C). The cells expressing the fusion
protein NLS-P6–44-hgal displayed a predominantly nuclear
localization, which was unchanged in LMB treated cells.
In contrast, the chimerical protein NLS-P45–60-hgal was
predominantly localized in the cytoplasm of untreated
cells and the LMB treatment induced its accumulation in
the nucleus. These findings are consistent with the
presence of one functional NES between residues 49–58.
Since the first methionine of P3 (PDN52) is located
inside the NES sequence, P3 does not contain the intact
NES. This probably explains the nuclear localization of P3.
We then constructed the fusion protein PDN44-GFP
containing 9 more residues than P3-GFP in order to
reconstitute the NES (Fig. 6A). In contrast to the original
nuclear profile of P3, the completion of the NES to P3-GFP
Fig. 4. Detection of the nuclear export signals in the N-terminal part of P. The localization of the truncated P proteins shown in Figs. 2A and B was compared in
the absence (LMB) or presence (+ LMB). The proteins were predominantly cytoplasmic (C), nuclear (N), or evenly distributed in cytoplasm and nucleus
(N = C). From these results, the effect of LMB on the intracellular distribution of these truncated P proteins was summarized.
Fig. 5. Identification of a functional NES in the N-terminal part of P. (A) Examination of the N-terminal part of the sequence of P (1–83) revealed two stretches
of amino acids residues similar to the characterized leucine-rich sequences NES sequence (LXXXLXXLXL), V, M, I may replaced leucine. These sequences
were located between amino acids 11 and 20, 49, and 58 (gray boxes). (B) Different domains of the N-terminal part of P containing the putative NES (6–60,
6–44, 45–60, dark bars) were fused to the h-galactosidase (white bars) carrying the SV40 T antigen NLS motif (gray bars). The intracellular localization of
these mutants in the cytoplasm (C) or in the nucleus (N) and the effect of LMB are summarized. (C) The plasmids described above were transfected into BSR
cells. After 24 h, cells were incubated in the absence or presence of LMB at a final concentration of 20 nM for 2 h. After fixation, cells were permeabilized and
were immunostained using the mouse monoclonal anti-h galactosidase followed by incubation with Alexa Fluor 488-conjugated goat anti-mouse IgG. The
scale bars correspond to 20 Am.
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Fig. 6. NES is missing in the P3 protein. (A) The first methionine (bold) of
P3 is located inside the NES (gray box). A fusion protein PDN44-GFP
containing 9 more residues than P3-GFP was constructed in order to
reconstitute the NES. (B) PDN44-GFP was expressed in BSR cells treated
(right) or not (left) with LMB (as described in Fig. 2). After fixation, the
cells were analyzed for GFP expression by confocal fluorescence micro-
scopy. The scale bars correspond to 16 Am.
D. Pasdeloup et al. / Virology 334 (2005) 284–293290resulted in the redistribution of the protein to the cytoplasm
(Fig. 6B). As expected, the protein PDN44-GFP was
sensitive to the LMB treatment. This result shows that the
nuclear localization of P3 is due to the absence of the NES.Discussion
In this report, we describe that rabies virus P protein is a
nucleocytoplasmic shuttling protein that contains a nuclear
localization signal (NLS) located in the C-terminal part and
a nuclear export signals (NES) located in the N-terminal part
of the protein. Although we have not demonstrated a direct
interaction of the P protein with a karyopherin, the motif
that mediates nuclear import (211KKYK214 and R260) is a
cluster of basic residues exposed on the surface as shown
from the recently solved crystal structure of the carboxy
terminal domain of the P protein (Mavrakis et al., 2004).
Therefore, this basic patch probably constitutes a conforma-
tional NLS which is conserved in the seven different
genotypes of lyssavirus. The same situation exists for M1
protein of Influenza virus that has a positively charged patch
on the surface of its N-terminal domain that functions as
NLS (Arzt et al., 2001; Ye et al., 1995).
The nuclear export signal of rabies P protein at positions
49–58 is canonical with a high leucine content and is
absolutely conserved throughout the lyssavirus genus.
In the light of these results, both P and the small P
products P2–P5 contain the NLS but P and P2 are excluded
from the nucleus because they contain the NES. It appears
that NES counteracts the nuclear import of P to remove P
from the nucleus. However, the inhibition of CRM1-dependent export by LMB does not result in a complete
nuclear retention of P in the nucleus. Therefore, it is also
possible that only a fraction of P goes in the nucleus.
Our data suggest that the intracellular localization of the
products of the P gene is tightly regulated. The fact that we
have also identified P3 from Mokola virus, the most
divergent lyssaviruses genotype, and that its localization is
also nuclear, suggests that this regulation is probably
conserved throughout the lyssavirus genus. However, the
interplay between NLS and NES sequences may only be
part of the complexity of the cellular localization of P. Other
control mechanisms such as phosphorylation, oligomeriza-
tion, or interaction with viral or cellular partners may
influence the localization of the P products.
It has been shown that phosphorylation or dephospho-
rylation in the vicinity of an NLS or NES may play a role in
the intracellular distribution of proteins (Jans and Hubner,
1996). Rabies virus P proteins are phosphorylated (Gupta et
al., 2000; Tuffereau et al., 1985) and the position of one of
the phosphorylation sites (S210) is right next to the NLS on
the surface of the protein (Mavrakis et al., 2004). Therefore,
phosphorylation of P proteins could have an effect on
nuclear import as it has been shown for nuclear import of
the T-antigen (Hubner et al., 1997). Alternatively, oligome-
rization of P products could also play a role in their
localization. Indeed, P and small P products contain the
oligomerization domain which is most probably located
between the residues 93 and 130 (Gigant et al., 2000; Jacob
et al., 2001) and form oligomers although it is not clear
whether these are trimers or tetramers (Gigant et al., 2000;
Mavrakis et al., 2003).
In infected cells, the interaction of P with viral partners
such as the polymerase L and the N protein may also
contribute to the regulation of nucleocytoplasmic shuttling
of the P protein. Interestingly the motif 211KKYK214, which
is part of the NLS motif, is also required for the interaction
with the N-RNA (Jacob et al., 2001; Mavrakis et al., 2004).
Therefore, the nuclear import activity of P may be blocked
by the direct binding of N to P. Finally, interaction with
cellular partners may contribute to the localization of the P
gene products. P protein has been shown to interact with the
dynein light chain LC8, a cellular factor implicated in
retrograde axonal transport that mediates the RNP transport
along the neuronal axons (Jacob et al., 2000; Raux et al.,
2000). In addition, the nuclear P3 protein has been shown to
interact with PML nuclear bodies (Blondel et al., 2002).
This could explain why P3 is the only small P protein that
shows punctuate staining in nuclei of transfected cells.
However, formation of nuclear dots does not require PML
since the same localization exists in PML/ cells (Blondel
et al., 2002). The nature of these nuclear structures is still
unknown but could be due to specific interaction of P3 (but
not P4 and P5) with nuclear proteins, which may retain P3
in such structures. Such an interaction could involve the first
residues of P3 corresponding to amino acids 53–67 of P and
explain that P3 is more nuclear than shorter P products.
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gene, it has been proposed that P3 via its interaction with
PML may overcome the antiviral response of the infected
cells (Blondel et al., 2002). Interaction of viral proteins with
nuclear proteins is not restricted to viruses that replicate in
the nucleus. Many RNA viruses whose replication strictly
takes place in the cytoplasm use the nucleus or nuclear
components in order to facilitate replication and/or alter
host cell function and inhibit antiviral responses (Hiscox,
2003).
The presence of nuclear import and export signals on P
protein insures representation of complete or truncated P
proteins in the two cellular compartments. This contributes
to an increase in the number of various P forms already
observed as oligomeric or phosphorylated forms and which
perform diversified functions in the virus life cycle.Materials and methods
Cell cultures, antibodies, and leptomycin B (LMB) treatment
BSR cells, cloned from BHK 21 (baby hamster kidney),
were grown at 37 8C in DMEM supplemented with 10%
fetal calf serum (FCS). The mouse polyclonal anti-P
antibody has been described previously (Raux et al.,
1997). The monoclonal anti-h galactosidase antibody was
bought from Promega and used as described by the
manufacturer. LMB (Sigma) was added to culture medium
to a final concentration of 20 nM.
Plasmid constructions
pMC.P encoding the wild-type P of the CVS has been
described previously (Chenik et al., 1994). The constructs
pP-GFP, pP4N19-GFP, pP4N52-GFP, pP4N82-GFP,
pP4N138-GFP, and pP4N172-GFP have been described
previously (Blondel et al., 2002). The plasmid pP4C125-
GFP was generated by PCR using reverse primers to delete
the last 375 nucleotides of P. Amplified cDNA was cutTable1
Primers used for the first step of the two-step mutagenesis PCR products
Construction Sense (1) and antisense (2) primer for
pP(211KKYA214-R260) (1) 5VCCAAGAAGTACGCGTTTCCC
pP3(211KKYA214-R260) (2) 5VTCGGAGGGAAACGCGTACT
pP(211KKYD214-R260) (1) 5VCCAAGAAGTACGACTTTCCC
pP3(211KKYD214-R260) (2) 5VTCGGGAGGGAAAGTCGTAC
pP(211AAYK214-R260) (1) 5VGAAAGCTTTTCCGCGGCGT
pP3(211AAYK214-R260) (2) 5VTCGGGAGGGAAACTTGTACG
pP(211KKYK214-A260)
pP3(211KKYK214-A260)
pP(211KKYA214-A260) (1) 5VAAAATCCCCCTGGCGTGCGT
pP3(211KKYA214-A260) (2) 5VTCCCAGTACGCACGCCAGG
pP(211KKYD214-A260)
pP3(211KKYD214-A260)with AgE1 and EcoR1 and used to replace the P gene
AgE1/EcoR1—excised from the plasmid pCDNA1 encod-
ing P-GFP.
The plasmid pCMV-NLS.hgal containing the SV40 T
antigen NLS into plasmid pCMVh has been described
elsewhere (Hiriart et al., 2003) and was a generous gift from
Dr. E. Manet (from the Unite´ de Virologie Humaine, U412
INSERM-ENS Lyon). Different fragments of P (6–60, 6–44,
and 45–60) were amplified by PCR using, respectively, the
sets of oligonucleotides (5VCCGAGATCTGTTAATAGTQ
GCA3V, 5VCCGAGATCTATCGTCCAGGTG3V; 5VCCGAGQ
ATCTGTTAATAGTGCA3V, 5VCCGAGATCTTTCTAQ
TGGGTTC3V; 5VCCGAGATCTGAAGTGGACAAC3V,
5VCCGAGATCTATCGTCCAGGTG3V). The amplified dou-
ble-stranded cDNAs were digested with bglII and inserted
downstream of the SV40 T antigen NLS into a bglII site of
pCMVNLS hgal.
Site-directed mutagenesis
A two-step PCR-based site-directed mutagenesis ap-
proach was used to generate amino acid substitutions in pP-
GFP. In a first step, two overlapping PCR fragments were
amplified from pP-GFP with primer combinations specific
of the mutation (1 and 2) as described in Table 1. In a
second step, aliquots of the two PCR products were mixed,
annealed, and used as template for a second round of
amplification with P- or P3-specific forward primers
(5VGCCGAATTCATGAGCAAGATCTTT3V, 5VGCCGAAQ
TTCATGAAGCGACTTCAC3V) and GFP-specific reverse
primer (5VGCCTCTAGATTACTTGTACAGCTC 3V) in
order to amplify the whole mutation containing gene. The
products of this second reaction were digested with EcoRI/
XbaI and used to replace the EcoRI/XbaI excised P-GFP.
By using this strategy, we obtained the constructs encoding
mutated P or P3 in fusion with GFP with one or two amino
acid substitutions (in boldface) in the motif 211KKYK214
associated or not with one amino acid R260 substitution: pP
or pP3(211KKYA214-R260), pP or pP3(211KKYD214-R260),
pP or pP3(211AAYK214-R260), pP or pP3(211KKYK214-the first PCR step Template
TCCCGA 3V
TCTTGG 3V pP-GFP
TCCCGA 3V
TTCTTGG 3V pP-GFP
ACAAGTTTCCCTCCCGA 3V
CCGCGGAAAAGCTTTC 3V pP-GFP
pP-GFP
pP-GFP
ACTGGGA 3V pP (211KKYA214-R260)
GGGATTTT 3V pP3 (211KKYA214-R260)
pP (211KKYD214-R260)
pP3 (211KKYD214-R260)
D. Pasdeloup et al. / Virology 334 (2005) 284–293292A260, pP or pP3(211KKYKA214-A260), and pP or
pP3(211KKYKD214-A260).
Plasmid transfections
BSR cells were grown on sterile glass cover slips in 6
well plates and were transfected (Parker and Stark, 1979).
After 24 h at 37 8C cells were prepared for immunofluo-
rescence staining.
In some experiments, proteins were transiently ex-
pressed by using the vaccinia T7 expression system
according to the method of Fuerst et al. (1986). Briefly,
BSR cells were infected with VTF7-3 at a multiplicity of
infection of 5 PFU per cell. After 1 h of adsorption the cells
were transfected with 2 Ag of plasmid and were incubated
for 6 h at 37 8C.
Immunofluorescence staining and confocal microscopy
Cells were fixed in 4% paraformaldehyde for 15 min at
4 8C and permeabilized for 5 min with 0.1% Triton X-100
in PBS. GFP distribution was analyzed directly after
fixation. The intracellular distribution of h-galactosidase
constructions was analyzed by immunostaining using the
anti-h-galactosidase antibody at a dilution of 1/1000 and
the corresponding anti-mouse IgG antibody conjugated to
Alexa Fluor 488 (Molecular Probes). The cells were
mounted in mounting medium containing 4,6-diamidino-
2-phenylindole (DAPI) to stain nuclei.
Confocal laser microscopy was performed on a Leica
SP2 microscope (40 oil-immersion objective) using ultra-
violet excitation at 351 nm (DAPI) and/or blue laser
excitation at 488 nm (Alexa 488, GFP) in simultaneous
recording mode.
Western blot analysis
Cells were washed and re-suspended in PBS, lysed in
hot Laemmli sample buffer, and boiled for 5 min. About
20 Ag of protein was analyzed on a 10% SDS–PAGE gel
and transferred onto a nitrocellulose membrane. The
proteins were blocked on the membranes with 10%
skimmed milk in TBS for 2 h and incubated overnight at
4 8C with the rabbit polyclonal anti-P antibody. The blots
were then washed extensively in TBS–Tween and incubated
for 1 h with the peroxidase-coupled secondary antibodies
(Amersham). The blots were revealed by chemolumines-
cence (ECL, Amersham).Acknowledgments
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